Background: Selection for exercise-adapted phenotypes in the Thoroughbred racehorse has provided a valuable model system to understand molecular responses to exercise in skeletal muscle. Exercise stimulates immediate early molecular responses as well as delayed responses during recovery, resulting in a return to homeostasis and enabling long term adaptation. Global mRNA expression during the immediate-response period has not previously been reported in skeletal muscle following exercise in any species. Also, global gene expression changes in equine skeletal muscle following exercise have not been reported. Therefore, to identify novel genes and key regulatory pathways responsible for exercise adaptation we have used equine-specific cDNA microarrays to examine global mRNA expression in skeletal muscle from a cohort of Thoroughbred horses (n = 8) at three time points (before exercise, immediately post-exercise, and four hours post-exercise) following a single bout of treadmill exercise.
response, metabolism and intracellular signaling. These findings suggest that protein synthesis, mechanosensation and muscle remodeling contribute to skeletal muscle adaptation towards improved integrity and hypertrophy.
Conclusions: This is the first study to characterize global mRNA expression profiles in equine skeletal muscle using an equine-specific microarray platform. Here we reveal novel genes and mechanisms that are temporally expressed following exercise providing new knowledge about the early and late molecular responses to exercise in the equine skeletal muscle transcriptome.
Background
The Thoroughbred racehorse is an elite athlete, that for four hundred years has been selected for physiological traits enabling exceptional speed and stamina. As a highly adapted athlete the Thoroughbred is a suitable model for understanding the physiology of exercise [1] . Thoroughbreds have a very high aerobic capacity or maximal oxygen uptake (VO 2max ) [2] relative to their body mass. A bout of intense exercise requires both aerobic and anaerobic energy production and a Thoroughbred may increase its metabolic rate from basal levels by up to 60-fold under racing conditions [3] . A critical component for athletic performance is muscle and it is notable that the Thoroughbred has a high skeletal muscle mass comprising over 55% of total body mass [4] .
The biological importance of skeletal muscle is reflected in its remarkable structural and functional plasticity that enables rapid alterations to phenotype following repeated bouts of exercise [5] . A single bout of acute exercise induces multiple stresses in skeletal muscle, including increased demand for ATP and mechanical stress [6, 7] . The responses to these stressors can be divided into two broad categories: the return to homeostasis, and the adaptive response. The principle processes associated with homeostatic recovery are glucose sparing, elevated fat oxidation, glycogen resynthesis and free radical quenching, as well as the repairing of free radical-mediated damage and restoration of intracellular electrolyte concentrations and pH [8] [9] [10] [11] [12] . The adaptive response is the process whereby skeletal muscle responds to repeated exercise bouts (conditioning or training) in ways that cumulatively lead to an enhanced ability to maintain muscle homeostasis during exercise. This conditioning response involves both morphological changes, such as hypertrophy, and metabolic responses such as an increased capacity for oxidative substrate metabolism in mitochondria and a shift toward oxidizing proportionately more fats and less glucose during exercise [13, 14] .
Exercise studies using human subjects have demonstrated that changes in the expression of a wide range of mRNA transcripts play a major role in the adaptive response of muscle to exercise [15] [16] [17] [18] . Furthermore, microarray studies have shown that a large number of genes are differentially expressed in skeletal muscle following exercise [19] . A single bout of exercise has been shown to increase mRNA expression particularly in genes involved in mitochondrial biogenesis and metabolism [20] .
While protein changes and mRNA quantified in small panels of genes by Western blotting and real time qRT-PCR [21] [22] [23] [24] have been investigated, global mRNA expression during the immediate-response period (< 8 minutes) has not, to our knowledge, previously been reported in skeletal muscle following exercise in any species. Also, global gene expression changes in equine skeletal muscle following exercise have not been reported. Therefore to identify novel genes and key regulatory pathways responsible for exercise adaptation we have used equine-specific cDNA microarrays to examine global mRNA expression in skeletal muscle from a cohort of Thoroughbred horses (n = 8) at two time points (immediately, and four hours post-exercise) following a standardised incremental-step exercise test on a high-speed equine treadmill.
Results and Discussion

Experiment overview
Eight four-year old unconditioned Thoroughbred horses (castrated males) were exercised to maximum heart-rate or fatigue in a standardized incremental-step exercise test [25] [26] [27] on a high-speed equine treadmill. Skeletal muscle biopsy samples were collected at three time points: at rest pre-exercise (T 0 ), immediately post-exercise (T 1 ) and four hours post-exercise (T 2 ). In a direct comparison microarray experiment, equine cDNA microarrays were hybridised with samples from T 0 Vs T 1 and from T 0 Vs T 2 for each animal.
Exercise parameters
Following warm-up, the exercise test comprised an average of six (range 5 -7) incremental steps achieving a mean maximum velocity of 12.4 ± 0.2 m/s and a mean distance of 4,362.9 ± 102.7 m for an average duration of 8.77 ± 0.5 min. Mean maximal heart rate was 218 ± 9 beats per minute. Mean peak post-exercise (T 1 ) lactate concentrations were 13.3 ± 1.2 mmol/l and were significantly increased compared to pre-exercise values (P < 0.0001).
Microarray annotation and gene ontology
Of the 9,333 ESTs on the microarray 8,519 aligned to a single location on the equine genome (EquCab 2.0), 372 aligned to more than one location and the remaining 442 failed to align to any location with high confidence. Fewer than 50% (4,631) of the ESTs matched an Ensembl gene, the majority (4,166) of which had human orthologs. The human orthologs were used to create input files for gene ontology functional analyses using the DAVID software package [28, 29] .
The functional representation of ESTs on the microarray relative to all genes in the Equus caballus Ensembl database that had human orthologs (66%) was assessed using 15 broad GO categories (developmental process, multicellular organismal process, biological regulation, metabolic process, cellular process, macromolecular complex, organelle part, organelle, cell part, cell, transporter activity, transcription regulator activity, molecular transducer activity, catalytic activity, binding). A similar distribution pattern among GO categories was observed for ESTs on the microarray when compared to all Ensembl genes (Additional file 1).
Immediate response to exercise Differential expression of genes
Immediately following exercise (T 1 ) two probes were significantly (P < 0.05) differentially regulated. Four hours (T 2 ) after exercise 1,485 probes were differentially expressed with fold changes ranging from +4.8-fold to -2.9-fold. At T 2 , 923 probes were up-regulated and 562 probes were down-regulated. At the chosen significance threshold ( = 0.05) 74 of these probes are likely to be false positives. The probes with the greatest changes in expression (> +1.5-fold) immediately post-exercise are shown in Table 1 . The probes with the greatest changes in expression (> +1.5-fold or -1.5-fold) four hours post exercise are shown in Table 2 (up-regulated) and Table 3 (down-regulated). A full list of gene expression changes at T 1 and T 2 are available in additional files 2 and 3. The equine cDNA microarray expression data generated was deposited in the NCBI Gene Expression Omnibus (GEO) repository with experiment series accession [GEO:GSE16235].
Among the probes with the greatest expression changes (> +1.5-fold) at T1were seven probes representing four genes: three probes representing FOS (v-fos FBJ murine osteosarcoma viral oncogene homolog gene; mean +1.9-fold, unadjusted P = 0.004, 0.003, 0.039); two probes representing HSPA1A (heat shock 70 kDa protein 1A gene; mean +2.7-fold, unadjusted P = 1.50E-07, 2.42E-05); one probe located ~ 2kb upstream of PFKFB3 (6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 gene; +2.0-fold, unadjusted P = 4.71E-06) and one probe representing EGR1 (early growth response 1 gene; +1.6-fold, unadjusted P = 0.014).
The gene expression changes observed for the FOS and HSPA1A genes are consistent with previous mammalian studies that have shown increased expression of these genes in response to exercise [24, 30] . HSPA1A, FOS and EGR1 are members of the immediate-early response (IER) gene family. These genes are early regulators of cell growth and differentiation signals, and are induced in response to a wide variety of stress stimuli [31] . The heat shock protein Hsp70, encoded by the HSPA1A gene, is known to protect skeletal muscle cells against the path physiological effects of oxidative stress. In transgenic mouse models this cytoprotection is brought about both through improvement in muscle function and decreased apoptosis [32] [33] [34] . It has been suggested that the cytoprotective effects of the Hsp70 protein are related to an ability to assist with the refolding of denatured or partially degraded proteins [35] . The gene names provided are either HUGO approved or Equus caballus specific. Adj P is the P-value following adjustment for multiple testing. Predicted gene annotations were assigned to unannotated probes of interest based on the gene located closest to the probe and homology to mammalian genes, chromosomal locations are provided for these genes. Hsp70 can also interact with proteins involved in the regulation of cellular redox balance and Ca 2+ homeostasis, and thus reduce oxidative stress and Ca 2+ overload in response to physiological stress [36] . In addition Hsp70 protects against muscular degeneration and atrophy [37] through inhibition of caspase activation [38] and protein catabolism [37] and Hsp70 protein levels have been shown to correlate with muscular regeneration following injury [39] . Together these facts highlight the key role of Hsp70 in muscle protection following stress and as a modulator of muscular regeneration. The HSPA1A gene displayed a further increase in transcript expression at T 2 (+4.8-fold, P < 0.001), whereas the expression of FOS, EGR1 and PFKFB3 had returned to resting levels. This suggests that while FOS, EGR1 and PFKFB3 responses may be immediate and transient, the HSPA1A response likely contributes to long term adaptation.
The probe upstream of the PFKFB3 gene shares strong homology to mammalian homologues of the gene thus it is likely that it represents expression of this gene product. The product of the PFKFB3 gene is involved in various aspects of energy sensing and metabolism, but has not previously been shown to be increased due to exercise. However, studies have shown increased expression of PFKFB3 in response to glucose deprivation [40] and hypoxia [41] , both stimuli associated with exercise. The PFKFB3 protein is a powerful activator of glycolysis [42] . Surprisingly, in a panel of genes encoding glycolytic enzymes and other anaerobic metabolites, differential mRNA expression was not observed in this experimental cohort despite significant increases in plasma lactate concentrations [43] . Similar observations of a lack of transcriptional activation of glycolytic genes have been made in human exercise studies [44] . PFKFB3 is also involved in glucose-induced insulin secretion in pancreatic cells [45] and a SNP in the 3' untranslated region of the PFKFB3 gene is associated with obesity in humans [46] . The PFKFB3 gene promoter contains hypoxic response elements necessary for transactivation by hypoxia-inducible factor-1 alpha (HIF-1 ) in response to hypoxia [47] . This is relevant considering the observed increase in HIF-1 protein in this cohort of horses immediately after exercise [43] .
There was some overlap among probes differentially expressed at T 2 and those tending towards differential expression at T 1 . Among the 434 probes tending towards differential expression (unadjusted P < 0.05) at T 1 154 were also among those at T 2 , which is more than twice as many expected by chance. Over 96% of the genes had both the same direction of regulation at both time-points and a greater magnitude of change at T 2 . Two genes had a greater magnitude of change at T 1 and a different directionality was observed for four genes. The genes with the highest observed fold changes at both T 1 and T 2 included HSPA1A (heat shock 70 kDa protein 1A gene, T 1 : +2.6-fold (mean of two probes), unadjusted P = 1.22E-05; T 2 : +4.8-fold, P = 1.61E-05); CRTC2 (CREB regulated transcription coactivator 2 gene, T 1 : +1.3-fold, adjusted P = 0.001; T 2 : +1.7-fold, P = 0.003); and SLC16A3 (solute carrier family 16, member 13 gene, T 1 : +1.2-fold, adjusted P = 0.03; T 2 : +1.6-fold, P = 0.012).
The CRTC2 protein is a potent activator of PGC-1 (peroxisome proliferater-activated receptor gamma coactivator 1 alpha), the master regulator of mitochondrial biogenesis [48] and is also involved in the modulation of gluconeogenesis [49] . The SLC16A3 protein is found in greater abundance in fast twitch rather than slow twitch muscle [50] and plays a direct role in lactate efflux out of skeletal muscle. Thoroughbred horses have a strikingly high proportion of fast to slow twitch muscle fibres [51] , which was also observed in this cohort of horses [43] . Increased mRNA levels of SLC16A3 were observed in "race fit" compared to moderately conditioned Standardbred horses [52] . SLC16A3 also plays a role in the transport of the performance enhancing drug gamma-hydroxybutyric acid (GHB) [53] . GHB is an endogenous metabolite but can also be administered orally as a performance-enhancing drug; therefore it is reasonable to hypothesize that endogenous GHB metabolism is associated with natural athletic ability. This hypothesis is supported by the observation that the alcohol dehydrogenase iron-containing protein 1 gene (ADHFE1), which is involved in GHB catabolism [54] is located in a genomic region that has been a target for positive selection during four hundred years of Thoroughbred evolution [55] .
Overall, these data suggest that, in addition to a rapid and dramatic induction of a small number of stress response genes immediately after exercise, there are also more subtle early changes in gene expression that are difficult to detect but are functionally relevant. It is possible that many of the genes differentially expressed at T 2 were also differentially expressed at T 1 , but show more gradual changes in gene expression and were not detectable at that time point.
Overrepresentation of functional ontologies among differentially expressed genes
The relatively small number of probes (n = 434, unadjusted P < 0.05) tending towards significant differential expression immediately after exercise suggested that deriving meaningful functional information may be problematic given an expected false discovery rate of approximately 400 probes in this experiment. Therefore the FatiScan gene enrichment test, which incorporates all transcriptional data rather than limiting to only significantly differentially expressed probes was used to analyse the transcriptional profile immediately after exercise [56] . Genes were ranked by differential expression and functional blocks that were significantly up-regulated and down-regulated immediately after exercise were identified (Table 4) . Overrepresented GO functional groups associated with up-regulated genes included response to stress, RNA metabolism and developmental processes. The overrepresentation of genes involved in the stress response suggests that exercise-induced muscle repair may be a particular requirement for the maintenance of structural integrity in Thoroughbred skeletal muscle following disruption of muscle fibres. This may be understood in the light of very high aerobic and anaerobic capacities in Thoroughbreds, which enable high intensity exercise even in the unconditioned state. The principal GO functional groups associated with down-regulated genes were those involving the ribosome, oxidative phosphorylation and proton-transporting ATP synthase complex. The strong overrepresentation of down-regulated ribosomal genes suggests an inhibition of protein synthesis. Previous studies have reported a reduced rate of protein synthesis [57, 58] and observed the disaggregation of polysomes to ribosomes immediately post exercise [59] . The down-regulation of genes associated with oxidative phosphorylation may represent a shift form aerobic towards anaerobic respiration.
The majority of exercise studies investigating the immediate response to exercise have focussed on post-transcriptional or post-translational modifications or have used real time qRT-PCR to investigate a limited number of genes [21] [22] [23] 60] . Because of the lack of literature documenting the immediate transcriptional response to exercise in skeletal muscle it is not clear whether the responses detected in this study are specific to horses, or indeed Thoroughbred horses.
Delayed response to exercise
Differentially expressed genes A significantly larger number of genes were differentially expressed four hours following exercise. Sixteen genes had very significant (P < 0.01) increases in expression with magnitudes > +1.8-fold and 104 had had significant (P < 0.05) expression differences > +1.5-fold. Among the 16 most differentially expressed genes at T 2 were HSPA1A (heat shock 70 kDa protein 1A gene, +4.8-fold, P < 0.001); TPM4 (tropomyosin 4 gene; +1.9-fold, P = 0.008), HSP90AA1 (heat shock protein 90 kDa alpha (cytosolic), class A member 1 gene; +2.2-fold, P = 0.002) and USP36 (ubiquitin specific peptidase 36 gene; +2.16-fold, P = 0.001). Other notable genes present among those differentially upregulated (> +1.5-fold) were HSPA8 (heat shock 70 kDa protein 8 gene; +1.9-fold, P = 0.003); CRTC2 (CREB-regulated transcription coactivator 2 gene; +1.7-fold, P = 0.002) and LAMP2 (lysosome-associated membrane glycoprotein 2 precursor gene; +1.6-fold, P = 0.028.
Notably genes encoding three heat shock proteins (HSPA1A, HSP90AA1 and HSPA8) were among the most highly differentially regulated transcripts. The Hsp70 (HSPA1A) and Hsp90 (HSP90AA1) proteins have been shown to be associated with the transport of TOM (Translocases of the outer membrane) complex proteins to the mitochondrial surface [61, 62] in response to contractile activity. These proteins in turn are responsible for the import of the hundreds of nuclear encoded proteins that function in the mitochondria [63, 64] . It clearly follows that the reliance on nuclear encoded proteins for mitochondrial function is subject to the efficiency of protein translocation to the mitochondria While numerous studies have reported Hsp70 and Hsp90 induction in skeletal muscle in response to exercise [65, 66] , to our knowledge, no study has reported an induction of constitutively expressed HSPA8 protein.
On the other hand, HSPA8 has been reported to be induced in rat cardiac muscle following hypoxic exposure [67] and may provide a protective effect following oxidative stress [68] . LAMP-2 is a lysosomal receptor involved in the elimination of misfolded proteins. It has been demonstrated that protesomal inhibition results in an accumulation of Hsp70, LAMP-2 and ubiquitin aggregates [69] . Similarly, the TPM4 protein plays a major role in Ca 2+ -regulated skeletal muscle contraction and is upregulated in muscle undergoing regeneration and focal repair [70] . Presumably the up-regulation of the heat shock genes, TPM4, LAMP2 and USP36 reflects activity in the reparation or degradation of damaged and misfolded proteins [69] .
Fourteen probes representing 12 genes had very significant (P < 0.01) decreases in expression at T 2 with magnitudes greater than -1.8-fold. One hundred and twenty-six genes had significant (P < 0.05) expression differences greater than -1.5-fold. The most differentially expressed genes were CWF19L2 (CWF19-like protein gene;represented by two probes, mean -2.5-fold, P = 0.003); UXS1 (UDP-glucuronic acid decarboxylase 1 gene; -2.2-fold, P = 0.016); TXNL5 (thioredoxin domain-containing protein 17 gene; -2.2-fold, P = 0.005); PCOLCE2, (procollagen Cendopeptidase enhancer 2 precursor gene; represented by two probes, mean -1.9-fold, P = 0.004, P = 0.01); NDN (necdin gene; -2.0-fold, P = 0.004); TRAM1 (translocation-associated membrane protein 1 gene; -1.9-fold,P = 0.008); and ROBO1 (roundabout homolog 1 precursor gene; -1.8-fold, P = 0.007). Six probes also had decreased expression at T 1 (unadjusted P < 0.05) representing GLB1 (T 1 : -1.2-fold; T 2 : -1.5-fold), SETD7 (T 1 : -1.1-fold; T 2 : -1.5-fold) and four unannotated probes.
Overrepresentation of functional ontologies among differentially expressed genes
At T 2 there was an observed overrepresentation of genes that localised to the actin cytoskeleton, actin filament bundle and cortical actin cytoskeleton ( Table 5 ). The overrepresentation of genes associated with the actin cytoskeleton may be indicative of responses to contraction and mechanical stimuli and may be associated with muscle remodelling via sarcomerogenesis. This is consistent with an observed overrepresentation of genes in the focal adhesion pathway. Actin remodelling has also been shown to be responsible for an increase in GLUT4 translocation in skeletal muscle [71] . An overrepresentation of actinrelated gene ontologies following exhaustive exercise has not previously been reported. On the other hand, the observed overrepresentations of genes with intramolecular oxidoreductase activity, unfolded protein binding and heat shock protein binding molecular functions are consistent with human exercise studies that predict replenishment of intramuscular energy stores and a stress response during recovery from intense exercise because of ROS production, inflammation and intramuscular microtears [8, 19] .
Because of the larger number of genes with assigned biological processes (497) the returned GO classes had more general higher level functions (e.g. protein folding, regulation of catalytic activity and regulation of the cell cycle) providing little insight into the underlying adaptive mechanisms. Therefore, we searched for overrepresented KEGG pathways among the significantly differentially regulated genes at T 2. These included the well established exercise response pathways, insulin signalling [68] , Type II diabetes mellitus [72] , mTOR signalling [73] and MAPK signaling [74] [75] [76] as well as focal adhesion and p53 signaling pathway. A list of genes differentially expressed in these pathways is provided in additional file 4. The overrepresented KEGG pathways are associated with different but overlapping aspects of exercise stimuli and support the hypothesis that the genes governing these cellular pathways have been targets for selection for exercise adaptation in Thoroughbreds [55] .
The less well described focal adhesion and p53 signaling pathways are of particular note for their roles in muscle hypertrophy and metabolic improvements. Muscle stretch gives rise to the generation of focal adhesion complexes through the induction of actin polymerisation at focal adhesions and an increase in focal adhesion complex associated proteins has been found in hypertrophic muscle [77, 78] . For instance, the mechanosensitive extra cellular matrix protein tenascin-C has been identified as a critical regulator of gene expression relating to repair and growth in muscle following damaging exercise [79] . Furthermore, focal adhesion kinase (FAK) has been shown to be an upstream regulator of the control of muscle mass via p70S6K [80] which may signal mTOR [81] independent of Akt. The central role of FAK in muscle growth and differentiation has been recently been demonstrated. Overexpression of FAK led to a shift towards slow twitch muscle generation and an up-regulation of genes involved in mitochondrial metabolism and contraction [82] . Therefore, an overrepresentation of focal adhesion molecules The FatiScan gene enrichment test was used to analyse the data indicates the importance of mechanical force altering skeletal muscle gene regulation towards muscle growth and remodelling [83] . Moreover, we have previously determined that focal adhesion molecules may represent targets for recent artificial selection in the Thoroughbred and therefore may be critical to the development of the muscle strength phenotype for which Thoroughbreds are renowned [55] . The p53 protein is best known for its role in apoptosis, however, recent studies have suggested that the p53 signaling pathway may play a role in regulation of aerobic metabolism with significant reductions in COX4 activity in KO mice [84, 85] . Importantly, p53 may regulate the expression of PGC-1 [86] .
Other KEGG pathways that were overrepresented were: arachidonic acid metabolism, involved in the modulation of function of voltage gated ion channels, primarily in neurons and muscle cells [87] ; leukocyte transendothelial migration, associated with the inflammatory response and largely coordinated by chemokines [88, 89] ; reductive carboxylate cycle (CO 2 fixation), a metabolic pathway; and the renal cell carcinoma signalling pathway, which involves increased cell proliferation, energy demand and O 2 usage and is stimulated by hypoxia and HIF-1 [90, 91] .
Validation of a panel of genes by real time qRT-PCR
Nine genes that were found to be differentially expressed in the microarray experiment were selected for validation by real time qRT-PCR. These genes were chosen based on their involvement in muscle contraction or the response to hypoxia. Two probes (Genbank IDs: CX594334 and CX598227) that showed differential expression, but were not found within an annotated gene were also included for validation. CX594334 lies ~ 2 kb upstream of PFKFB3 and was upregulated immediately post-exercise. CX598227 lies ~ 1 kb downstream of calmodulin 1 (Calm1) and was upregulated four hours post exercise. The average gene expression of seven of the nine probes studied reached significance (P < 0.05) and six [(basic helix-loop-helix family, member e40 (BHLHE40), calmodulin 3(CALM3), HSPA1A, FOS, CX594334 and CALM1] were concordant with the microarray data (Table 6, Figure 1 ). A point of major concern in microarray studies is the presence of false positives within a gene list. Although the use of qRT-PCR is essential to validate the overall dataset it is not feasible to interpret the experimental findings by evaluating each gene individually. As genes function in co-operation within complex networks we report principally the expression patterns of functionally related groups of genes.
There were however, some interesting findings among the validated genes. For instance, the expression of FOS showed a high inter-sample variance in gene expression change estimates (+18.2-fold to +506.0-fold increase). The mean expression of the FOS gene mRNA transcript increased +198-fold. The biological significance of the high gene expression variance for this gene is not clear at present but warrants further investigation.
Transcripts for the HSPA1A gene and the probe CX594334 (which may represent the PFKFB3 gene) were significantly increased at T 1 (2.3-fold and 2.7-fold fold respectively). While both genes have quite different physiological roles [42, 92] both contain hypoxic response elements (HRE) and have been shown to be transcriptionally activated by the HIF-1 protein under hypoxic conditions [93] .
During the recovery period, four hours post exercise, HSPA1A mRNA levels remained elevated (+5.9-fold) while CX594334 transcript levels returned to baseline ( Figure 1 ). The BHLHE40 gene, which increased in expression +2.3-fold is a transcription factor involved in the hypoxic response, contains a HRE and is inducible in hypoxic conditions through interaction with HIF-1 [94, 95] . CALM3 and CX598227 which lies ~ 1 kb downstream of CALM1 showed directionally different changes in gene expression. CALM3 was downregulated -0.82-fold while CX598227 was upregulated +2.4-fold. This is of particular interest as little is known regarding the differential regulation of the individual genes within the Calmodulin gene family. Calmodulin is a calcium binding protein which acts as a calcium sensor [96] and plays an important role in mediating many cellular processes including muscle contraction [97, 98] .
Conclusion
The Thoroughbred horse provides a singular model system to understand exercise adaptations. For the first time following exhaustive exercise we have identified a large number of genes with functions in mechanosensation, muscle hypertrophy, repair and remodelling. The induction of the large numbers of genes with such functions may be explained by the extraordinary innate aerobic and anaerobic capacity of Thoroughbreds enabling high intensity exercise even in an unconditioned state leading to proportionally greater stresses on peripheral systems than in other species. Importantly it is unlikely this knowledge could be readily gained from human studies as the sustained "all out" effort required to elicit such molecular responses is difficult to attain from untrained/sedentary human subjects, but is naturally achieved by Thoroughbreds.
The standard exercise test employed in equine exercise physiology studies requires both endurance and strength, a combination that is not easily reconstructed in other exercise models. The result is that immediately after exercise ribosomal genes are down-regulated indicating decreased protein synthesis, a signature of endurance exercise. However, established responses associated with resistance exercise such as muscle repair and hypertrophy are observed four hours after exercise. Although the inhibition of protein synthesis and muscle hypertrophy are established responses to endurance and resistance exercise respectively here we detect both responses at a global transcriptional level from a single exercise bout combining both endurance and resistance stimuli.
This study has provided a snapshot of the transcriptional response to exercise in skeletal muscle from a highly adapted system. Genes that were differentially expressed immediately after exercise are likely to be directly involved in metabolism and the stress response. Four hours following exercise a more general transcriptional response associated with recovery and adaptation was observed, in particular highlighting the roles of genes in metabolism and muscle hypertrophy. Further studies are needed to clearly distinguish between the mechanisms associated with the recovery from exercise and return to homeostasis and those that are involved in the long term adaptive response to recurring bouts of exercise conditioning.
Methods
All animal procedures were approved by the University College Dublin, Animal Research Ethics Committee. In addition, a licence was granted from the Department of Real time qRT-PCR results for genes used to validate microarray data Figure 1 Real time qRT-PCR results for genes used to validate microarray data. The standard 2 -CT method was used to determine mean fold changes in gene expression [116] . All Ct values were normalised using the NSUN6 gene. The Student's ttest was used to identify significant differences in mRNA abundance between time-points. Each point on the graph represents the relative fold change in gene expression compared to pre-exercise levels. * signifies a P-value of <0.05 **, signifies a P-value of <0.01, *** signifies a P-value of <0.001
Health and Children (Ireland) and owners' consent was obtained for all horses.
Subjects
Eight four-year old unconditioned Thoroughbred horses (castrated males), raised at the same farm for the previous 12 months and destined for National Hunt racing with the same trainer comprised the study cohort. The horses had a mean height of 165.25 cm ((± 1.44) and a mean pre-exercise weight of 565.75 kg (± 13.71). All horses participated in a standardized incremental-step exercise test [25] [26] [27] on a high-speed equine treadmill (Sato, Sato AB, Knivsta, Sweden). Before the exercise test, all horses were judged to be clinically healthy based on a veterinary examination that included a lameness assessment, resting upper airway endoscopy and basic bloodwork (complete blood count and serum biochemistry). Prior to entering the study, all of the horses had been raised together and had been kept in a grass field and fed 1.8 kg of 14% Race horses cubes (Gain horse feeds, Clonroche, Co. Wexford, Ireland) three times a day. During the study week the horses were housed in a stable and provided ab libitum access to water and fed grass hay and 2 kg of 10% Cool-nCooked Horse and Pony Mix (Connolly's Red Mills, Bagnelstown, Co. Carlow, Ireland) twice daily. Horses were fed approximately 3 hours and 55 minutes (235 ± 0.11 minutes) prior to the exercise test. All exercise tests were performed between 1000 -1130 am.
Standardised exercise test
The treadmill was housed in an insulated room with temperature and humidity monitors. Prior to the exercise test, all horses were acclimatized to stand quietly and to comfortably transition gaits on the treadmill. The treadmill was set to a 6° incline for all of the exercise tests. The warm-up period consisted of 2 minutes at 2 m/s, followed by 2 minutes at 4 m/s and then 2 minutes at 6 m/s. This was then followed by an increase in treadmill velocity to 9 m/s for 60 seconds, and then a 1 m/s increase in treadmill velocity every 60 seconds until the animal was no longer able to maintain its position on the treadmill at that speed or until the heart rate reached a plateau (HR max ). Following completion of the test, the horses were quickly brought back to a walk, taken off the treadmill and washed down with cold water.
Instrumentation
Any instrumentation was performed 30 minutes to 1 hour prior to the exercise test. Heart rate (HR) was measured continuously before, during and after exercise by telemetry (Polar Equine S810i heart rate monitor system, Polar Electro Ltd, Warwick United Kingdom). Venous blood samples were collected immediately after exercise, 5 minutes after exercise and 4 hours post-exercise. Blood samples were collected and placed into fluoride oxalate tubes for the determination of plasma lactate concentrations. All tubes were stored on ice with the plasma separated within 1 hour of collection and analyzed within 30 minutes using the YSI 2300 STAT Plus™ lactate analyzer (YSI UK Ltd, Hampshire, UK).
Muscle biopsy sampling
Percutaneous needle muscle biopsies [99] were obtained from the dorsal compartment of the gluteus medius muscle according to Dingboom and colleagues [100] using a 6 mm diameter, modified Bergstrom biopsy needle (Jørgen KRUUSE, Veterinary Supplies). Biopsies were taken approximately 15 cm caudodorsal (one-third of the distance) to the tuber coxae on an imaginary line drawn from the tuber coxae to the head of the tail. The biopsies were obtained at a depth of 80 mm. Each biopsy site was shaved, scrubbed with an antiseptic and desensitized by a local anaesthetic. The biopsy samples were washed with sterile PBS (BD Biosciences, San Jose, CA) and preserved in RNAlater (Ambion, UK) for 24 hours at 4°C and then stored at -20°C. 
RNA isolation and purification
Approximately 100 mg of each muscle biopsy sample was removed from RNAlater and homogenized in 3 ml TRIzol using a Kinematica Polytron Homogeniser PT 1200 C Drive unit, 230 V (AGB, Dublin, Ireland) and the aqueous and organic phases were separated using 200 l of chloroform. Total RNA was precipitated using isopropyl alcohol (0.6 times the volume of the aqueous phase). The remaining pellet was washed once in 75% ethanol, and redissolved in 35 l of nuclease-free water (Promega UK Ltd, Southampton, UK). Each sample was purified using the RNeasy ® Mini kit (Qiagen Ltd, Crawley, UK) and DNase treated with RNase free DNase (Qiagen Ltd, Crawley, UK).
To elute the total RNA, 35 l of nuclease-free water were applied to the silica-gel membrane of the column to elute the total RNA, which was stored at -80°C. RNA was quantified using a NanoDrop ® ND1000 spectrophotometer V 3.5.2 (NanoDrop Technologies, Wilmington, DE) and RNA quality was subsequently assessed using the 18S/28S ratio and RNA integrity number (RIN) on an Agilent Bioanalyser with the RNA 6000 Nano LabChip kit (Agilent Technologies Ireland Ltd, Dublin, Ireland) according to manufacturer's instructions. The RNA isolated from these samples had an average RNA integrity number (RIN) of 8.43 ± 0.08 (range 8.0 -9.0).
Microarray description and annotation
Microarray slides were printed with clones selected from a cDNA library generated using mRNA purified from the articular cartilage of a 15-month old male Thoroughbred horse [101] . Probe sets on the microarray slides were prepared and printed as previously described [102, 103] . The experimental design was a direct comparison for each animal between pre-and both post-exercise time points. Each slide was hybridised with samples from T 0 Vs T 1 and from T 0 Vs T 2 for each animal. Technical replicates in the form of a dye swap were performed for each investigation.
Microarray scanning and data acquisition
Hybridised and dried slides were scanned using a GenePix 4000B scanner (Molecular Devices, Berkshire, UK) and image acquisition, first-pass data analysis and filtering were carried out using the GenePix 6.0 microarray image analysis package (Molecular Devices, Berkshire, UK). As a first step of feature extraction spots that were flagged as 'poor' by the GenePix software (due to signal foreground or background contamination, shape irregularity or poor spot quality) were assigned a weight of zero and were excluded from differential expression analyses. Images of the slides were visually examined and any obvious irregularities were also flagged, assigned a weight of zero and excluded from differential expression analyses. All spots with a mean signal of less than background plus two standard deviations were flagged and were also excluded from differential expression analyses.
Microarray data analyses
All statistical analyses on the gene expression data were performed using the R language, version 2.5.1 [105] and the packages statmod and LIMMA from the Bioconductor project [106] . Robust multichip average (RMA) [107] and print tip lowess normalization [108, 109] were performed on the data before differential expression analyses were performed using the lmFit function in LIMMA. Fluor647:Fluor555 log 2 ratios were calculated for each spot on the microarray and duplicate spots were averaged. The function duplicateCorrelation [110] was used to estimate the correlation between technical replicates (dye swaps) by fitting a mixed linear model by REML individually for each probe. The function also returned a consensus correlation, which is a robust average of the individual correlations. This was used to fit a linear model to the expression data for each probe taking into account the inter-technical replicate correlation between each microarray hybridisation.
Differentially expressed targets were determined using a Bayes moderated t-test [111] . Multiple testing was addressed by controlling the false discovery rate (FDR) using the correction of Benjamini and Hochberg [112] . A probe was flagged as differentially expressed if the corrected P value was < 0.05.
Functional clustering according to gene ontology annotations
A list of Entrez IDs of human homologs of probes on the microarray was obtained in a similar manner as for microarray annotation. Using the Entrez IDs of human homologues of equine genes it was possible to use the Database for Annotation, Visualization and Integrated Discovery (DAVID) [28, 29] for functional clustering and overrepresentation analyses. DAVID was used to investigate the representation of broad gene ontology (GO) categories (Level 1) on the equine cDNA microarray relative to the whole genome.
The DAVID system was also used to cluster differentially expressed genes according to their function. For T 0 vs T 2 experiments, a probe was called differentially expressed if its corrected P value was < 0.05 [112] . The enrichment of categories was assessed and compared with the proportion observed in the total population of genes on the microarray, using the Expression Analysis Systematic Explorer (EASE) tool within DAVID [113] . A different approach was used when functionally clustering differentially expressed genes from the T 0 vs T 1 experiments.
Although we expected there would only be small number of genes differentially expressed at T 1 , there remains the possibility that some more modest but still genuine changes in gene expression may not be detected. Therefore the FatiScan [56, 114] gene enrichment test was used to analyse the transcriptional profile immediately after exercise. FatiScan is part of the Babelomics Suite Genes and tests for the asymmetrical distribution of biological labels in an ordered list of genes. Genes were ranked by differential expression and FatiScan was used to detect functional blocks (GO and KEGG pathways) that were significantly up-regulated and down-regulated immediately after exercise.
Quantitative real time RT-PCR
Selected cDNA samples from seven of the eight animals were quantified by real time qRT-PCR. One of the animals was omitted due to a shortage of RNA in the pre-exercise sample. 1 g of total RNA from each sample was reverse transcribed into cDNA with oligo-dT primers using a SuperScript™ III first strand synthesis SuperMix kit according to the manufacturer's instructions (Invitrogen Ltd, Paisley, UK). The converted cDNA was diluted to 2.5 ng/ l working stocks and stored at -20°C for subsequent analyses. Oligonucleotide primers for real time qRT-PCR were designed using Primer3 version 3.0 http:// www.primer3.sourceforge.net and commercially synthesized (MWG Biotech, Germany), details of these primers are available in additional file 5. Each reaction was carried out in a total volume of 20 l with 2 l of cDNA (2.5 ng/ l), 10 l SYBR ® Green PCR Master Mix (Applied Biosystems, Cambridgeshire, UK) and 8 l primer/H 2 O. Optimal primer concentrations were determined by titrating 50, 300 and 900 nM final concentrations and disassociation curves were examined for the presence of a single product. qRT-PCR was performed using a 7500 Fast RealTime PCR machine (Applied Biosystems, Cambridgeshire, UK).
A panel of four putative reference or 'housekeeping' genes were selected for a reference gene study. This panel comprised two frequently used reference genes (HPRT1, hypoxanthine phosphoribosyltransferase 1 gene; and GAPDH, glyceraldehyde-3-phosphate dehydrogenase gene) and two genes (NSUN6, NOL1/NOP2/Sun domain family, member 6 gene; and PIGO, phosphatidylinositol glycan anchor biosynthesis, class O gene) that were selected based on minimal variation across the time points observed in the microarray results. The panel of genes was evaluated using geNorm version 3.4 for Microsoft Excel [115] . Briefly, the gene expression stability measure 'M' for each control gene was calculated as the pairwise variation for that gene with all other tested reference genes across the exercise time-course (T 0 , T 1 , T 2 ). The candidate reference genes were ranked in order of decreas-ing 'M' values or increasing mRNA expression stability [85] . Based on the geNorm analyses, the NSUN6 gene was the optimal reference gene and pre-exercise (T 0 ) values were used to normalise the data. The 2 -CT method (where CT is cycle threshold) was used to determine mean fold changes in gene expression [116] . The Student's t-test was used to identify significant differences in mRNA abundance between time-points.
